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a b s t r a c t

Retinoic acid-induced protein 3 (RAI3) has been found to play significant roles in embryonic develop-
ment, cellular proliferation and differentiation, but its role in adipogenesis has not been explored. In this
study, we discovered RAI3 was downregulated during the adipogenic differentiation of human adipose
derived stem cells (hASCs). Moreover, we demonstrated that knockdown of RAI3 promoted adipogenic
differentiation of hASCs both in vitro and in vivo. Mechanistically, our findings showed that inhibition of
RAI3 in hASCs reduced the expression of b-catenin, and lithium chloride which can activate the b-catenin
pathway abolished the effect of RAI3 knockdown on the adipogenesis. These results suggest RAI3 plays an
important role in adipogenesis of hASCs and may have a potential use in the future application.

© 2017 Published by Elsevier Inc.
1. Introduction

Adipose tissue plays key roles in storing energy, producing heat
and acting as an endocrine organ to regulate various physiological
and metabolic processes [1]. However, breast tumor resection, se-
vere burns or injury can lead to adipose tissue defects. Thus, un-
derstanding adipogenesis will provide therapeutic strategies to
replace the lost adipose tissue [2]. Adipogenic differentiationwhich
is critical for adipose development refers to the process from pre-
adipocytes into adipocytes and is regulated by complicated tran-
scription factors and signaling pathways [3]. However, the exact
underlying mechanism of adipogenic differentiation has not been
fully elucidated and should be further investigated. Since adipose-
derived stem cells (ASCs) can be easily harvested from adipose
tissue and have a prominent ability to differentiate into mature
adipocytes [4], we choose ASCs as a cell model for studying
adipogenesis.

Retinoic acid-induced protein 3 (RAI3) is a member of the type
3-G protein-coupling receptor family and plays important roles in
multiple cellular events. Its dysregulation may result in several
different types of cancers and other diseases [5e8]. However, the
tics, Peking University School
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roles of RAI3 in adipogenesis are still unexplored.
Wnt/b-catenin pathway plays important roles in the differen-

tiation of stem cells and b-catenin has been shown to inhibit adi-
pogenesis [9]. b-catenin can be phosphorylated by GSK3b and
degraded subsequently, while lithium chloride (LiCl) can activate
Wnt/b-catenin signaling by blocking GSK3b-mediated phosphory-
lation of b-catenin [10].

In this study, we found that RAI3 was downregulated in adipo-
genic differentiation of human adipose derived stem cells (hASCs).
Knockdown of RAI3 promoted adipogenesis of hASCs in vitro and
in vivo. Finally, we demonstrated that RAI3 knockdown promoted
adipogenic differentiation of hASCs possibly via inhibiting b-cat-
enin expression. These results reveal new insights into the mech-
anisms of adipogenic differentiation and provide a potential
molecular target for adipose tissue engineering.

2. Methods

2.1. Cell culture

Primary hASCs from three donors were purchased from Scien-
Cell Research Laboratories (Carlsbad, CA, USA) and cultured in
standard growth media consisting of Dulbecco's Modified Eagle
Medium (DMEM) with 10% fetal bovine serum and 1% antibiotics.
For adipogenic induction, cells were cultured in standard growth
media supplemented with 50 nM insulin (Sigma-Aldrich, St Louis,
MO, USA), 100 nM dexamethasone (Sigma-Aldrich), 0.5 mM 3-

mailto:kqzhouysh@hsc.pku.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2017.08.142&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
https://doi.org/10.1016/j.bbrc.2017.08.142
https://doi.org/10.1016/j.bbrc.2017.08.142
https://doi.org/10.1016/j.bbrc.2017.08.142


C. Jin et al. / Biochemical and Biophysical Research Communications 493 (2017) 618e624 619
isobutyl-1-methylxanthine (Sigma-Aldrich), and 200 mM indo-
methacin (Sigma-Aldrich). The mediumwas changed every 2 days.
All cell-based in vitro experiments were repeated in triplicate.

2.2. Lentivirus infection

Viral packaging and infection was prepared as described previ-
ously [11]. Transfection of the hASCs was performed by exposing
them to dilutions of the viral supernatant in the presence of poly-
brene (5 mg/mL) for 24 h. 72h post transfection, puromycin (10 mg/
mL) was added to select the stably transfected cells. The shRNA
target sequences were as follows:

Non-targeting control shRNA (NC):
TTCTCCGAACGTGTCACGTTTC.
shRAI3-1: GCCTAGTCCAGGATGTTATCG.
shRAI3-2: GTCGCAATGAAGACTTTGTCC.
2.3. Oil red O staining

At day 21, cells were washed with PBS, fixed with 10% formalin
for 30 min and rinsed with 60% isopropyl alcohol. Oil red O (0.3%,
Sigma-Aldrich) was then added and incubated for 10 min at room
temperature. The stained cells were washed three times with
distilled water, observed and imaged under a microscope. For
quantitative assessment, stained cells were eluted with 100% iso-
propyl alcohol and quantified by spectrophotometric absorbance at
520 nm against a blank (100% isopropyl alcohol).

2.4. RNA isolation and qRT-PCR

Total RNA was extracted from cells with TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) according to the manufacturer's in-
structions. The cDNA was synthesized using the PrimeScript RT
Reagent Kit (Takara, Tokyo, Japan). qRT-PCR was conducted with
SYBR Green Master Mix (Roche Applied Science, Mannheim, Ger-
many) on an ABI Prism 7500 real-time PCR System (Applied Bio-
systems, Foster City, CA, USA). The primers used for RAI3,
proliferator activated receptor g (PPARg), CCAAT/enhancer-binding
protein a (C/EBPa), ADIPOQ, and glyceraldehyde 3-
phosphatedehydrogenase (GAPDH, internal control for mRNAs)
are listed in Table 1.

2.5. Western blot analysis

Cells were collected, washed with PBS, and lysed in RIPA buffer.
Proteins were measured and analyzed with a BCA protein assay kit
(Thermo Scientific, Waltham, MA, USA). Equal amounts of protein
from each sample were separated by 10% sodium dodecyl sulfa-
teepolyacrylamide gel electrophoresis and transferred to a poly-
vinylidene fluoride membrane (Millipore, Billerica, MA, USA). After
blocking, the membrane was incubated with primary antibodies
specific against RAI3 (Cell Signaling Technology, Beverly, MA, USA),
PPARg (Cell Signaling Technology), b-catenin (HuaxingBio Science,
Table 1
Primers used in qRT-PCR.

Name Forward primer(50/30)

GAPDH ATGGGGAAGGTGAAGGTCG
RAI3 TGCTCACAAAGCAACGAAAC
PPARg GAGGAGCCTAAGGTAAGGAG
C/EBPa CGCAAGAGCCGAGATAAAGC
ADIPOQ CTTGCAAGAACCGGCTCAGATCCTCC
Beijing, China), or GAPDH (Abcam, Cambridge, UK) at 4 �C over-
night. The membranes were washed and subsequently incubated
with secondary antibodies (Zhongshan Goldenbridge, Beijing,
China) at room temperature for 1 h and then washed three times.
Detection of each proteinwas conducted with the ECLWestern Blot
Kit (CWBIO, Beijing, China). The intensities of bands were quanti-
fied using ImageJ analysis software (http://rsb.info.nih.gov/ij/).
GAPDH was used as an endogenous control and for normalization.

2.6. In vivo adipose tissue formation assay

All animal experiments were approved by the Peking University
Animal Care and Use Committee. Cells were induced in the adi-
pogenic differentiation medium for 1 week and then collected and
incubated with Collagen Sponge (8 mm � 8 mm � 2 mm) for 2 h at
37 �C. The mice were housed with specific pathogen-free condi-
tions and randomized into 3 groups of 10 mice each: NC group
(implanted with adipogenesis-induced hASCs/Collagen sponge),
shRAI3-1, shRAI3-2 group (implanted with adipogenesis-induced
shRAI3-hASCs/Collagen sponge). The complex was implanted sub-
cutaneously into the back of the nude mice, retrieved at 8 weeks
after implantation and prepared for histological observation.

2.7. Histological observation

The harvested implants were fixed with 4% paraformaldehyde
and cut in half. One half was dehydrated, embedded with paraffin,
and sectioned (5-mm-thick) for hematoxylin and eosin (H&E)
staining, while the other half was embedded in a Tissue-Tek OCT
freezing medium (Sakura Finetek Inc., Torrance, CA, USA) and cut
into 7-mm-thick sections for Oil red O staining.

2.8. Statistical analysis

Analysis was performed using Prism (GraphPad Software, San
Diego, CA, USA). All values are expressed as mean ± standard de-
viation (SD). Differences between two groups were analyzed by
Student's t-test. In cases of two or more groups, one-way analysis of
variance was performed. A P-value <0.05 was considered statisti-
cally significant.

3. Results

3.1. RAI3 is downregulated during adipogenic differentiation of
hASCs

To determine whether RAI3 is involved in adipogenic differen-
tiation of hASCs, we first examined its expression during this pro-
cess at different time points (0, 3, 7, 10 and 14 days). qRT-PCR
showed the mRNA expression of RAI3 decreased during adipo-
genesis of hASCs (Fig. 1A), while adipocyte marker genes such as
peroxisome proliferator activated receptor g (PPARg), CCAAT/
enhancer-binding protein a (C/EBPa), and ADIPOQ increased dur-
ing this process (Fig. 1BeD). Consistently, western blot analysis
revealed the protein expression of the adipogenesis key marker
Reverse primer(50/30)

GGGGTCATTGATGGCAACAATA
TGGTTCTGCAGCTGAAAATG
GTCATTTCGTTAAAGGCTGA
CACGGCTCAGCTGTTCCA

C GAGCTGTTCTACTGCTATTAGCTCTGC

http://rsb.info.nih.gov/ij/


C. Jin et al. / Biochemical and Biophysical Research Communications 493 (2017) 618e624620
PPARgwas upregulated during adipogenic differentiation of hASCs,
while RAI3 was downregulated (Fig. 1E and F).
3.2. Knockdown of RAI3 promotes adipogenic differentiation

To explore the role of RAI3 on adipogenic differentiation, we
established RAI3 knockdown hASCs. Two different shRNAs (shRAI3-
1, shRA3-2) and a non-targeting control shRNA (NC) were intro-
duced into hASCs with lentivirus transfection. Fluorescent staining
showed the efficiency of lentiviral transduction was >90% (Fig. 2A).
Meanwhile, qRT-PCR and western blot confirmed the expression of
RAI3was significantly reduced (Fig. 2BeD). After culturing hASCs in
adipogenic medium for 21 days, RAI3 knockdown significantly
enhanced adipogenesis as indicated by Oil red O staining (Fig. 2E
and F). In agreement with this result, the mRNA levels of the adi-
pogenic specific genes, PPARg, C/EBPa, and ADIPOQ, were markedly
upregulated following the downregulation of RAI3 (Fig. 2GeI).
Fig. 1. Downregulation of RAI3 during the adipogenic differentiation of hASCs. (A) Relative
hASCs as determined by qRT-PCR. (BeD) Relative mRNA expression levels of the adipogen
Western blot analysis (E) and quantification (F) of protein expression of PPARg, RAI3, and
mean ± SD (n ¼ 3, *P < 0.05, **P < 0.01, ***P < 0.001, compared with day 0).
3.3. RAI3 knockdown promotes newly generated adipose tissue
in vivo

Next, we combined three groups of hASCs (shRAI3-1, shRAI3-2 or
NC) with collagen sponge respectively and implanted them into the
backs of nude mice to detect the role of RAI3 in vivo (Fig. 3A). Both
haematoxylin and eosin (H&E) and Oil red O staining showed the
RAI3 knockdown group had more adipose-tissue-like constructs
(Fig. 3B).
3.4. RAI3 knockdown inhibits b-catenin accumulation

It is known that Wnt/b-catenin signaling is an important regu-
lator in adipogenesis. We further detected whether RAI3 regulated
adipogenesis through regulating b-catenin expression. Western
blot analyses showed that RAI3 knockdown inhibited the accu-
mulation of b-catenin in total cell lysates (Fig. 4A and B). Given the
mRNA expression of RAI3 on day 0, 3, 7, 10 and 14 during adipogenic differentiation of
ic markers PPARg (B), C/EBPa (C), and ADIPOQ (D) at the indicated time points. (EeF)
the internal control GAPDH at the indicated time points. All data are presented as



Fig. 2. Knockdown of RAI3 enhanced adipogenic differentiation of hASCs. The hASCs were transfected with lentivirus expressing shRAI3-1, shRAI3-2, or the non-targeting control
shRNA (NC). (A) Fluorescent micrographs show the efficiency of lentivirus transduction (>90%). Scale bar ¼ 500 mm. (B) Histograms show the relative mRNA expression of RAI3 in
the shRAI3 groups. (CeD) Knockdown of RAI3was also confirmed by western blot analysis (C) and quantification (D). (EeF) Oil red O staining (E) and quantification (F) of cells at day
21 after adipogenic induction. Scale bar ¼ 100 mm. (GeI) Relative mRNA expression of the adipogenic markers PPARg, C/EBPa, and ADIPOQ assessed by qRT-PCR at day 14 after
adipogenic induction. Results are presented as mean ± SD (n ¼ 3, *P < 0.05, **P < 0.01, compared with NC).
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positive role of lithium chloride for Wnt/b-catenin signaling, we
treated shRAI3-hASCs with lithium chloride to recover the level of
b-catenin (Fig. 4C and D), Oil red O staining showed lithium chlo-
ride abolished the promotion of adipogenesis induced by RAI3
knockdown (Fig. 4E and F).
4. Discussion

Cancer, trauma, and surgery often result in adipose tissue defect
which may affect the life quality and mental state of patients [12].
Although traditional strategies for adipose tissue reconstruction
such as autologous fat grafting have become common, the outcome
of fat grafting is always accompanied by different degrees of vol-
ume loss [13]. Recent progress has been made in adipose tissue
engineering which provides a new solution for repairing adipose
tissue defect. Adipose tissue engineering involves the use of pre-
cursor cells, biomaterials and effective factors [14]. Among them,
hASCs are considered an ideal cell source for adipose tissue engi-
neering. However, how hASCs differentiate into mature adipocytes
remains unclear. Hence it's important to investigate the underlying
mechanism of adipogenesis.

Adipogenic differentiation is regulated by a series of



Fig. 3. Knockdown of RAI3 promoted adipogenesis of hASCs in vivo. (A) Schematic diagram illustrating the experimental procedure. (B) H&E staining and Oil red O staining in NC,
shRAI3-1, and shRAI3-2 groups. Scale bar ¼ 20 mm.
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transcription factors and various pathways. Previous studies have
shown that Wnt/b-catenin signaling is one of the central negative
regulators of adipogenic differentiation [15]. Wnt signaling is
initiated when Wnt glycoprotein ligands bind to frizzled receptors
and low density lipoprotein receptor-related protein (LRP) co-
receptors, which inhibits glycogen synthase kinase 3b (GSK3b)
and then prevents degradation of b-catenin. b-catenin accumulates
and translocates into the nucleus where it binds to T-cell factor/
lymphoid-enhancer factor family of transcription factors, result-
ing in inhibition of adipogenic transcription factors PPARg and C/
EBPa [16e18]. As is well known, LiCl is an agonist of Wnt/b-catenin
signaling through repressing the activity of GSK3b and stabilizing
b-catenin [19].

RAI3, also known as G-proteinecoupled receptor family C group
5 type A (GPRC5A) or retinoic acid-inducible gene 1 (RAIG1), is a
member of the largest and most abundant receptor family in
mammals [20]. RAI3 is located on chromosome 12p13-p12.3 and
initially reported to be strongly expressed in the lung [21,22]. Since
then, RAI3 has been found to play significant roles in several bio-
logical processes, such as tumorigenesis, cell proliferation, inflam-
mation, and cell cycle progression [23e25]. But research into the
function of RAI3 in adipogenesis is lacking.

In this study, we found that RAI3 expression was significantly
downregulated during adipogenesis of hASCs. Thus, we speculated
that RAI3was a negative regulator of adipogenic differentiation. We
generated RAI3 knockdown hASCs by lentivirus transfection.
In vitro studies showed that RAI3 knockdown cells had more lipid
accumulation and higher expression of adipogenic marker genes
compared with control groups. In addition, we found RAI3 silence
significantly decreased the level of b-catenin. Since previous
studies have demonstrated that downregulation of b-catenin is
coincident with the increase of PPARg in mesenchymal stem cells
[26], we hypothesized that RAI3 knockdown promoted adipo-
genesis through decreasing the level of b-catenin. To prove the
hypothesis, cells were pretreated with LiCl to upregulate b-catenin
accumulation. The results displayed that LiCl abolished the positive
effect of RAI3 knockdown on adipogenesis. Thus, RAI3 knockdown
promotes adipogenesis at least partially through suppression of b-
catenin expression. Taken together, the present study discovered
the significant role of RAI3 on the adipogenesis.

Although we found RAI3 knockdown promoted adipogenesis
through impacting b-catenin expression, besides b-catenin, many
other transcription factors also regulate adipogenesis, such as
PPARg, C/EBPa [27]. Zhou et al. found cathepsin B promoted pre-
adipocyte differentiation by degrading fibronectin and inhibiting
Wnt/b-catenin signaling [28]. H. Okamura et al. found serine/
threonine protein phosphatase 2A (PP2A) regulated adipogenesis
by regulating the Wnt/GSK-3b/b-catenin pathway and PPARg
expression [29]. Hence, RAI3 may regulate adipogenesis by other
mechanisms, such as interacting with PPARg.

Adipose tissue engineering provides a novel solution for
restoring adipose tissue defect result from cancer, congenital mal-
formation, or injury. In this study, our results showed that RAI3
knockdown promoted newly generated adipose tissue in vivo,



Fig. 4. RAI3 knockdown reduced the level of b-Catenin. (AeB) Western blot analysis (A) and quantification (B) showed RAI3 knockdown downregulated the protein level of b-
catenin (compared with NC). (CeD) Expression of b-catenin was examined by western blot (C) in the presence of lithium chloride (LiCl) (5 mmol/L). Histograms show the
quantification (D) of band intensities. (EeF) Oil red O staining (E) and quantification (F) of cells at day 21 after adipogenic induction (normalized to control groups). Results are
presented as mean ± SD (n ¼ 3, *P < 0.05, **P < 0.01).
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which indicated the potential use of RAI3 as a molecular target for
adipose tissue regeneration.

In summary, this study discovered the facilitating effect of RAI3
knockdown on the adipogenesis of hASCs. Furthermore, we have
demonstrated that RAI3 knockdown stimulated adipogenesis was
coincident with the decrease of b-catenin. However, the underlying
mechanisms are not completely understood, further research is
needed to clarify the effect of RAI3 on adipogenesis.
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